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Fixative Composition Alters Distributions of Immunoreactivity
for Glutaminase and Two Markers of Nociceptive Neurons,
Na, 1.8 and TRPV1, in the Rat Dorsal Root Ganglion

E. Matthew Hoffman, Ruben Schechter, and Kenneth E. Miller

Department of Anatomy and Cell Biology, Oklahoma State University Center for Health Sciences, Tulsa, Oklahoma

SUMMARY Most, if not all, dorsal root ganglion (DRG) neurons use the neurotransmitter
glutamate. There are, however, conflicting reports of the percentages of DRG neurons that
express glutaminase (GLS), the enzyme that synthesizes glutamate, ranging from 30% to
100% of DRG neurons. Defining DRG neuron populations by the expression of proteins
like GLS, which indicates function, is routinely accomplished with immunolabeling tech-
niques. Proper characterization of DRG neuron populations relies on accurate detection
of such antigens. It is known intuitively that fixation can alter immunoreactivity (IR). In this
study, we compared the effects of five formaldehyde concentrations between 0.25% and
4.0% (w/v) and five picric acid concentrations between 0.0% and 0.8% (w/v) on the IR of
GLS, the voltage-gated sodium channel 1.8 (Na,1.8), and the capsaicin receptor TRPV1. We
also compared the effects of five incubation time lengths from 2 to 192 hr, in primary anti-
serum on IR. Lowering formaldehyde concentration elevated IR for all three antigens, while
raising picric acid concentration increased Na, 1.8 and TRPV1 IR. Increasing IR improved primary afferent neurons
detection sensitivity, which led to higher percentages of labeled DRG neurons. By selecting image analysis

fixation conditions that optimized IR, we found that all DRG neurons express GLS, 69% of Image)

neurons express Na, 1.8, and 77% of neurons express TRPV1, indicating that some previous paraformaldehyde
studies may have underestimated the percentages of DRG neurons expressing these pro- phosphate-activated
teins. This manuscript contains online supplemental material at http://www.jhc.org. Please glutaminase
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visit this article online to view these materials. (J Histochem Cytochem 58:329-344, 2010)

IMMUNOHISTOCHEMICAL AND IMMUNOFLUORESCENCE meth-
ods have been essential in identifying putative neuro-
transmitters for specific neurons throughout the central
and peripheral nervous systems. Glutamate is widely ac-
cepted as the major excitatory neurotransmitter of the
central nervous system and is a candidate for use by
pseudounipolar primary sensory neurons at all central
terminals (Skilling et al. 1988; De Biasi and Rustioni
1990; Zahn et al. 2002; Li et al. 2003a; Dmitrieva
et al. 2004; Brumovsky et al. 2007) and at some pe-
ripheral terminals (deGroot et al. 2000; Jin et al.
2006; Brumovsky et al. 2007). One marker of gluta-
matergic function is the enzyme glutaminase [(GLS)

Correspondence to: Kenneth E. Miller, Oklahoma State Uni-
versity Center for Health Sciences, 1111 West 17th St., Tulsa, OK
74107. E-mail: kenneth.miller@okstate.edu

Received for publication March 20, 2009; accepted December 3,
2009 [DOLI: 10.1369/jhc.2009.954008].

0022-1554/09/$3.30

immunohistochemistry

EC 3.5.1.2], which synthesizes glutamate from gluta-
mine. Based on GLS immunoreactivity (IR), there is,
however, inconsistency between the estimated percent-
ages of glutamatergic peripheral sensory neurons rang-
ing from ~30-40% of the small cell population in the
rat dorsal root ganglion (DRG) (Cangro et al. 1984,
1985; Battaglia and Rustioni 1988) to 80-100% of
all DRG cells (Miller et al. 1993; Li et al. 1996). One
difference between these two sets of studies was the
concentration of formaldehyde in the fixatives used
for tissue preservation. GLS IR in brain neurons di-
minishes as formaldehyde concentration in the fixative
increases from 0.2% to 4% (w/v) (Kaneko et al. 1989);

© 2010 Hoffman et al. This article is distributed under the terms of
a License to Publish Agreement (http://www.jhc.org/misc/Itopub.
shtml). JHC deposits all of its published articles into the U.S.
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release twelve months after publication.
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therefore, we hypothesized that a similar phenomenon
might occur in the DRG. The concentration of picric
acid in the fixatives also differed among studies of
GLS IR, as well as length of incubation time in the
primary antiserum. In the present study, we compared
the effects of formaldehyde and picric acid concentra-
tions in the fixative and length of incubation time in
primary antiserum used for immunofluorescence studies
of GLS in rat DRG.

We were concerned primarily with identifying which
DRG neurons express GLS, and we hypothesized that
GLS was ubiquitously distributed throughout the DRG.
To determine if the effects of altering fixative concen-
tration could be demonstrated for markers known to
have limited distributions among DRG neurons, we
chose to use antisera for voltage-gated sodium channel
1.8 (Na,1.8) and transient receptor potential vanilloid
receptor 1 (TRPV1). Electrophysiological properties,
axon diameters, and cell body sizes have been used in
attempts to classify populations of DRG neurons
(Yoshida and Matsuda 1979; Lee et al. 1986; Fang
et al. 2005b). More recently, protein markers have
been used to identify subpopulations of DRG neurons
that serve specific sensory modalities. Na,1.8 and
TRPV1 are examples of such markers that are ex-
pressed in small-diameter, nociceptive DRG neurons
(Caterina et al. 1997; Djoubhri et al. 2003; Fang et al.
2005a; Price and Flores 2007). If a “fully optimized”
fixative were to indicate that all DRG neurons ex-
pressed one of these two markers, then this might
indicate that the specificity of our techniques were
compromised by optimizing the fixative. In such a case,
the conclusion that distribution of GLS was ubiquitous
would be flawed. These two antisera were initially de-
signed as controls, but the outcomes of these studies
showed interesting and helpful results.

Materials and Methods

Animals

Sprague-Dawley rats (n=15; 200-300 g) were housed
in a 12-hr-light:12-hr-dark cycle and given free access
to food and water. Procedures were conducted ac-
cording to guidelines from the National Institutes of
Health (NIH-NRC 2003) and were approved by the
Oklahoma State University Center for Health Sciences
institutional animal care and use committee. All appro-
priate efforts were made to minimize the number of
animals used in this study.

Tissue Preparation

Rats were anesthetized with tribromoethanol [Avertin;
2.5% (w/v)] and xylazine and perfused through the
ascending aorta with 75 ml of calcium-free Tyrode’s
solution (pH 7.3), followed by 300 ml of fixative.

Hoffman, Schechter, Miller

Rats were randomly assigned to specific experiments,
irrespective of their gender. Gender differences were
not investigated in this study. Five rats were used for
the formaldehyde concentration comparison. The fixa-
tive used for each rat contained 0.2% (w/v) picric acid
in 0.1 M sodium phosphate buffer, and formaldehyde
concentrations were varied among the five fixatives
to 4%, 2%, 1%, 0.5%, or 0.25% (w/v). Five rats were
used for the picric acid comparison. To prevent mor-
phological changes to the tissue caused by inadequate
fixation, we chose to include 1% formaldehyde in all
of the picric acid comparisons. The fixative used for
each rat contained 1.0% (w/v) formaldehyde in 0.1 M
sodium phosphate buffer, and picric acid concentra-
tions were varied among the five fixatives to 0.8 %,
0.4%,0.2%, 0.1%, or 0.0% (w/v). Two rats were used
for the primary antisera incubation time comparison,
and one rat was used for the postfixation comparison.
The fixative used for these three rats was 0.2% picric
acid and 1.0% formaldehyde in 0.1 M sodium phos-
phate buffer. All fixatives were adjusted to pH 7.3.
Lumbar DRG dissected from perfused rats were post-
fixed at 4C in the same fixative used for perfusion.
For the formaldehyde, picric acid, and incubation
comparisons, DRG were postfixed for 4 hr. For the
postfixation time comparison, DRG were postfixed at
0, 0.5, 1, 4, or 20 hr. In addition, one set of DRG
was postfixed in 4.0% formaldehyde for 4 hr after an
initial fixation in 0.2% picric acid and 1.0% formalde-
hyde. All DRG were cryoprotected overnight at 4C in
PBS (pH 7.3) containing 10% (w/v) sucrose.

Immunofluorescence

All DRG for a given comparison (i.e., formaldehyde
and picric acid concentrations and primary incubation
time) were embedded in the same frozen block, and
8-wm mid-DRG serial sections were cut with a Microm
HM 550 OMVP cryostat (Richard Allan Scientific;
Kalamazoo, MI). To prevent recounting of neurons
for a given primary antiserum, sections were allotted
to one of the three antisera, and the fourth section was
discarded each time, making the minimum approximate
distance between two analyzed sections 24 pm. Sec-
tions were thaw mounted to gelatin-coated SuperFrost
slides (Fisher Scientific; Pittsburg, PA) and dried for
2 hr at 37C. Dried sections were rinsed three times
in PBS before blocking for 1 hr at room temperature
in 5% (v/v) normal goat serum, 1% (w/v) BSA, and
1% (w/v) polyvinylpyrrolidone in PBS with 0.2% (v/v)
Triton X-100 (PBS-T). Sections for the formaldehyde
and picric acid comparisons were incubated in pri-
mary antisera diluted with PBS-T for 4 days at 4C.
Sections for the primary incubation time comparison
were incubated at room temperature for 2 hr or at
4C for 20, 48, 96, or 192 hr. For GLS detection, poly-
clonal rabbit antiserum against whole GLS (Haser et al.
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Immunofluorescence Optimization in Rat DRG

1985) was used at 1:10,000 dilution. For Na,1.8 de-
tection, polyclonal rabbit antiserum (Sigma; St. Louis,
MO) against a 15-amino-acid peptide corresponding
to the C-terminal residues (EDEVAAKEGNSPGPQ) of
rat Na,1.8 was used at 1:2000 dilution. For TRPV1
detection, polyclonal guinea pig antiserum (Neuromics;
Edina, MN) against a 22-amino-acid peptide corre-
sponding to the C-terminal residues (YTGSLKPEDA-
EVFKDSMVPGEK) of rat TRPV1 was used at 1:2000
dilution (Guo et al. 1999; Price and Flores 2007).
Antisera dilutions were determined from previous di-
lution curve experiments (data not shown). Following
incubation in primary antiserum, sections were rinsed
three times in PBS and incubated in secondary anti-
body diluted in PBS-T at 1.0 wg/ml for 1 hr at room
temperature. For detection of rabbit anti-GLS anti-
serum or rabbit anti-Na,1.8 antiserum, biotinylated
goat anti-rabbit (Vector Laboratories; Burlingame, CA)
antiserum was used. For detection of guinea pig anti-
TRPV1 antiserum, AlexaFluor 488-conjugated goat
anti-guinea pig (Molecular Probes; Carlsbad, CA) anti-
serum was used. GLS and Na, 1.8 sections were rinsed
twice in PBS and once in sodium carbonate-buffered
saline (pH 9.0) and incubated for 1 hr at room tem-
perature in 1.0 pg/ml fluorescein-conjugated avidin D
(Vector Laboratories) diluted in sodium carbonate-
buffered saline. All sections were rinsed three more
times in PBS and coverslipped with ProLong Gold
mounting medium (Molecular Probes).

Primary antiserum absorption control and second-
ary antiserum control experiments were performed for
the three primary antisera and two secondary antisera,
respectively. One additional rat was perfused with
0.8% picric acid and 0.25% formaldehyde, which are
the concentrations of picric acid and formaldehyde that
gave the highest immunofluorescence. Lumbar DRG
from this rat were used for primary antiserum absorp-
tion controls and secondary antiserum control experi-
ments. For primary antiserum absorption controls,
each diluted antiserum was incubated for 24 hr at 4C
with the respective antigen at 10-40 pg/ml. Processing
of DRG sections for immunofluorescence was carried
out as described above. Adjacent sections were incu-
bated for 4 days at 4C in either absorbed diluted anti-
sera or nonabsorbed diluted antisera. The secondary
antisera control sections were incubated in PBS-T for
4 days at 4C before routine processing was continued.

Image Analysis

Images were acquired using a 20X objective on an
Olympus BX51 epifluorescence microscope (Olympus;
Center Valley, PA) equipped with a SPOT RT740 quan-
titative camera (Diagnostic Instruments; Sterling Heights,
MI). To ensure proper quantitation, we captured all
images by using a 300-msec exposure with the gain
set at 1. Captured images were 1600 X 1200 pixels
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with 2.69 pixels per micrometer. For the formaldehyde
and picric acid comparisons, three slides with tissue
from each antiserum were used, and three images from
each of the five treatments were captured, resulting in
45 images per antiserum and 135 images per fixative
comparison. For the primary antibody incubation time
comparison, two slides with tissue from each antiserum
for each of the five time points were used and four
images from each slide were obtained, resulting in
40 images per antiserum and 120 images for the incu-
bation comparison. All neuron profiles with clearly
visible nuclei that were not touching the edge of the
image were traced with a Cintiq 21UX interactive pen
display (Wacom; Kita Saitama-Gun, Saitama, Japan),
using the freehand selection tool in Image] software
(NTH). Nuclei were excluded from the regions of in-
terest, making each region of interest correspond to
the cytoplasmic profile of a single DRG neuron. Since
all images were acquired at a bit depth of 8, pixel in-
tensities could range from 0 (darkest) to 255 (lightest)
on a grayscale. The mean gray value and area in pum?
for each cytoplasmic profile were measured and copied
to a spreadsheet. The mean gray values for each cell
were converted to relative IR by using the following for-
mula, [(mean gray value — MIN)/(MAX — MIN)] X
100, where MAX and MIN are the maximum and
minimum mean gray values for cytoplasmic profiles
in a given comparison of experimental conditions with
one of the three primary antisera. For each compari-
son of one of the three primary antisera, a relative IR
threshold value was determined that best distinguished
labeled from unlabeled cells. The values for area
(wm?) were binned into small (<400 wm?), medium
(400-799.99 um?), and large (=800 wm?) sized cate-
gories to indicate three broadly defined neuronal sub-
populations that corresponded to C, Ad, and Aa/B
fibers, respectively (Fang et al. 2005a,2006). Three
populations of DRG neurons also have been identi-
fied morphologically by immunolabeling patterns in
cat (Garry et al. 1989) and rat (Tuchscherer and Seybold
19835) studies.

Statistics

Data were analyzed with Prism version 5.01 software
(GraphPad Software; San Diego, CA). The distribu-
tions of relative IR values for each dataset (i.e., cells
fixed with 4% formaldehyde) within a given compari-
son (i.e., formaldehyde effects on small-cell GLS IR)
were tested for normality with the D’Agostino and
Pearson omnibus normality test. Bartlett’s test for equal
variances was used to determine if the variances were
homogeneous for each comparison. Significant differ-
ences in mean relative IR among different experimental
conditions were determined by the Kruskal-Wallis
one-way ANOVA by ranks with the Dunn posttest.
Correlation analyses were done by comparing the
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Immunofluorescence Optimization in Rat DRG
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to result in higher percentages of TRPV1-labeled neurons for all three size classes. Dotted lines indicate relative IR thresholds at which
neurons were determined to be labeled or unlabeled. *, p<0.05; **, p<0.01; ***, p<0.001.

experimental condition that was varied (i.e., form-
aldehyde, picric acid, and incubation time length) as
X values and the median relative IR as Y values. The
x” test for trend was used for each comparison to deter-
mine if there was a linear trend between the percentages
of neurons being labeled as the experimental condition
was altered. Results were considered significant when
the p value was <0.05.

Results

A total of 8908 cytoplasmic profiles were traced and
analyzed in this study. Relative IR values for most
datasets were not normally distributed, and variances
were heterogeneous for nearly all comparisons. We
therefore decided to use nonparametric statistical analy-
ses and presented the data in scatter graphs.

<
<

Effects of Formaldehyde Concentration in Fixative
on Immunofluorescence

A total of 3115 cytoplasmic profiles were traced and
analyzed for the formaldehyde comparison. The num-
bers of cytoplasmic profiles traced and analyzed for GLS,
Na, 1.8, and TRPV1 were 1103, 1232, and 780, respec-
tively. The effect of formaldehyde on GLS IR was quali-
tatively apparent from micrographs (Figures 1A-1E)
and scatter plots (Figures 2A-2C) and was reminiscent
of the effects of decreasing formaldehyde concentra-
tions on GLS IR noted in brain neurons (Kaneko et al.
1989). Decreasing the fixative formaldehyde concentra-
tion significantly raised GLS IR for all three sizes of
DRG neurons for each stepdown in formaldehyde con-
centration from 4.0% to 0.5% (Figures 2A-2C), result-
ing in higher percentages of neurons being labeled for

Figure 1 Representative micrographs from the formaldehyde comparison. As formaldehyde concentration decreased, glutaminase (GLS)
immunoreactivity (IR) increased (A-E) in small, medium, and large diameter dorsal root ganglion (DRG) neurons. Decreasing formaldehyde
concentration did not appear to have the same magnitude of effect on voltage-gated sodium channel 1.8 (Na,1.8) IR (F-J) or transient re-
ceptor potential vanilloid receptor 1 (TRPV1) IR (K-0). At the highest concentration of formaldehyde (A), only small DRG neurons appear
labeled for GLS, whereas with lower formaldehyde concentrations (C-E), all DRG neurons have GLS IR. Most large neurons do not appear
labeled for Na, 1.8 or TRPV1, even at the lowest formaldehyde concentrations (J,0). Bar in A applies to all panels.
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GLS (Table 1). For all sizes of DRG neuron, the GLS  (Figures 2D and 2E), whereas it had no effect on Na,1.8
IR-enhancing effect of using less formaldehyde concen- IR of large DRG neurons (Figure 2F). There was a sig-
tration reached a plateau at 0.5% formaldehyde. No  nificant trend in which lower concentrations of formal-
further significant increase in GLS IR was detected  dehyde resulted in higher Na,1.8 IR in medium-sized
when 0.25% formaldehyde was used (Figures 2A-2C).  neurons (Figure 2E) but not small neurons (Figure 2D).
There were significant correlations between formalde-  Similarly, lowering the formaldehyde concentration to
hyde concentration and GLS IR for all three sizes of =~ 1% or less led to a significant increase in TRPV1 IR of
DRG neuron (Figures 2A-2C). Therefore, as formalde-  small- and medium-sized DRG neurons (Figures 2G
hyde concentration increased, GLS IR decreased, and  and 2H), whereas lowering it to 2.0% or less produced
93-96% of the variation in median GLS IR values can  a significant increase in TRPV1 IR of large cells (Fig-

be explained by variation in formaldehyde concentration. ~ ure 2I). Correlations between formaldehyde concentra-
There was also a significant linear trend (as determined by ~ tion and TRPV1 IR were significant for medium and
the x? test for trend) in which lower formaldehyde con- large cells (Figures 2H and 2I). There was a significant

centrations resulted in greater percentages of neurons linear trend in which lower formaldehyde concentrations
being considered as labeled for GLS (above relative IR resulted in greater percentages of all three size classes of
threshold), regardless of size class (Figures 2A-2C). All  DRG neurons being labeled for TRPV1 (Figures 2G-2I,
DRG neurons (except one large neuron) were considered ~ Table 1).

labeled for GLS when 1.0% formaldehyde or lower

was used (Table 1). Effects of Picric Acid Concentration in Fixative

To determine if the effects of formaldehyde con- ~ ©n Immunofluorescence
centration in the fixative were specific to GLS IR, we A total of 2955 cytoplasmic profiles were traced and
examined the changes in Na,1.8 and TRPV1 IR inten-  analyzed for the picric acid comparison. The numbers

sities and distributions in DRG sections from the same  of cytoplasmic profiles traced and analyzed for GLS,
rats. Qualitatively, the effect of formaldehyde on IR for ~ Na,1.8, and TRPV1 were 935, 993, and 1027, respec-
these two proteins (Figures 1F=1] and 1K-10) was not tively. The effect of picric acid on GLS IR was not qual-
as apparent as it was for GLS (Figures 1A-1E). Image itatively apparent from micrographs (Figures 3A-3E)
analysis, however, revealed that decreasing formalde-  or scatter plots (Figures 4A-4C). No concentration
hyde concentration led to some significant increases in ~ of picric acid in the fixative significantly altered the
Na,1.8 IR of small- and medium-sized DRG neurons  median GLS IR except for medium-sized neurons

Table 1 Effects of fixative composition and primary antiserum incubation length on the percentage of labeled DRG neurons

% of neurons with IR values above threshold

GLS Na,1.8 TRPV1
Variable Small Medium Large Small Medium Large Small Medium Large
Formaldehyde % (w/v)
0.25 100 100 100 66 77 21 91 78 33
0.5 100 100 100 64 69 15 75 55 9
1.0 100 100 99 79 86 16 73 49 7
2.0 96 93 69 69 81 19 44 34 5
4.0 48 47 4 49 42 11 33 21 2
Picric acid % (w/v)
0.0 100 100 100 55 48 60 31 12 2
0.1 100 100 100 42 59 54 44 40 3
0.2 100 100 99 71 88 28 63 42 3
0.4 100 100 100 79 91 31 61 41 2
0.8 100 100 100 79 87 31 50 55 9
Incubation length (hr)
2 36 18 1" 5 7 0 6 4 3
20 77 83 49 47 65 16 51 24 7
48 97 99 65 92 94 37 16 24 0
96 100 100 100 89 93 32 82 78 6
192 100 100 100 100 100 45 72 76 46

In general, decreasing formaldehyde concentration in the fixative raised the percentage of dorsal root ganglion (DRG) neurons labeled for a particular antigen.
Increasing picric acid concentration had no effect on the percentages of any neurons labeled for glutaminase (GLS) or on the percentages of large neurons labeled
for transient receptor potential vanilloid receptor (TRPV1). Higher picric acid concentrations led to more small and medium cells being labeled for voltage-gated
sodium channel 1.8 (Na,1.8) and TRPV1, and fewer large neurons labeled for Na,1.8. In general, longer incubation times led to more neurons being labeled for all
three antigens. IR, immunoreactivity.
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Immunofluorescence Optimization in Rat DRG

when 0.1% picric acid was added (Figure 4B). There
were no significant correlations between picric acid
concentration and GLS IR for any size of neurons,
nor were there any significant linear trends in which
picric acid concentration changed the percentages of
neurons labeled for GLS (Figures 4A-4C). All rats
used in the picric acid comparison were perfused with
fixatives containing 1.0% formaldehyde. All neurons
were considered labeled for GLS in the picric acid com-
parison (Table 1), which supports the findings of the
formaldehyde comparison in which formaldehyde con-
centrations of =1% resulted in all DRG neurons being
labeled for GLS.

To determine if the picric acid concentration in the
fixative had effects on IR for proteins other than GLS,
we examined IR of Na,1.8 and TRPV1 in DRG sec-
tions from the same rats. Qualitatively, the effect of
picric acid on IR for these two proteins was more ap-
parent than it was for GLS (Figures 3F-3] and 3K-30).
Image analysis revealed that raising the picric acid
concentration to 0.4% and higher led to significant in-
creases in Na,1.8 IR of small cells (Figure 4D) and
that raising it to 0.2% and higher significantly in-
creased Na,1.8 IR of medium cells (Figure 4E). There
were significant correlations between picric acid con-
centration and Na,1.8 IR for small and medium neu-
rons, and 82-84% of the variation in the median
Na,1.8-IR values can be explained by variations in
picric acid concentration. There were significant trends
in which higher concentrations of picric acid increased
the percentage of small and medium DRG neurons
labeled for Na,1.8 (Figures 4D and 4E; Table 1).
However, increasing picric acid concentration actually
decreased Na,1.8 IR of large cells when 0.2% or
more was used (Figure 4F), resulting in a significant
trend in which increasing picric acid concentration re-
sulted in fewer large neurons being labeled for Na,1.8
(Table 1).

Adding a picric acid concentration of 0.2% or higher
led to a significant increase in TRPV1 IR of small cells
(Figure 4G), whereas adding any amount significantly
increased TRPV1 IR of medium cells (Figure 4H).
There were also significant trends for higher picric
acid concentrations to raise the percentages of small
and medium neurons labeled for TRPV1 (Figures 4G
and 4H; Table 1). Increasing the picric acid concentra-
tion to 0.2% and 0.8% significantly increased TRPV1
IR of large neurons but had no significant effect on
the percentages of large neurons labeled for TRPV1
(Figure 41; Table 1).

Effects of Length of Incubation in Primary Antiserum
on Immunofluorescence

A total of 2838 cytoplasmic profiles were traced and
analyzed for the incubation time length comparison.
The numbers of cytoplasmic profiles traced and ana-
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lyzed for GLS, Na,1.8, and TRPV1 were 1012, 1002,
and 824, respectively.

The effect of incubation time length on GLS IR was
qualitatively apparent from micrographs (Figures SA-
SE) and scatter plots (Figures 6A-6C). Image analysis
revealed that incubation for 20-48 hr increased GLS
IR of all neurons significantly compared with just 2 hr
of incubation; however, there was no significant dif-
ference between incubation time of 20 vs 48 hr (Fig-
ures 6A-6C). Moreover, incubation for 96-192 hr
further increased GLS IR of all neurons above 20—
48 hr of incubation, but 192 hr did not yield higher
GLS IR than 96 hr (Figures 6A-6C). Background
fluorescence levels also started to increase when incu-
bation in anti-GLS was 96 hr and longer (Figures 5D
and 5E). There was a significant trend in which in-
creasing lengths of primary antiserum incubation time
increased the percentages of neurons labeled for GLS,
regardless of size (Figures 6A—-6C; Table 1).

To determine if the effects of incubation time in pri-
mary antiserum were specific to GLS IR, we examined
Na,1.8 and TRPV1 IR in DRG sections from the same
rats. Qualitatively, the effect of incubation time on IR
for these two proteins (Figures SF-5] and 5K-50) was
apparent after 48 hr or more of incubation in primary
antiserum. Image analysis revealed that a significant
increase in Na,1.8 IR of small and medium neurons
occurred between 2 and 20 hr (Figures 6D and 6E)
but that 96 hr or more was required to significantly
increase Na,1.8 IR of large neurons (Figure 6F). Back-
ground fluorescence levels also started to increase
with incubation in anti-Na,1.8 was 48 hr and longer
(Figures SH-5]). There was a significant trend in
which increasing lengths of time of primary antiserum
incubation increased the percentages of neurons la-
beled for Na,1.8, regardless of size (Figures 6D-6F;
Table 1). Increases in TRPV1 IR were noted as early
as 20 hr of incubation for all sizes of DRG neurons
(Figures 6G-61), and there was a significant trend in
which increasing lengths of primary antiserum incuba-
tion time increased the percentages of neurons labeled
for TRPV1, regardless of size (Figures 6G—61; Table 1).
Background fluorescence levels also started to increase
when incubation in anti-TRPV1 was 96 hr and longer
(Figures SN and 50).

Effects of Length of Postfixation
on Immunofluorescence

A total of 557 cytoplasmic profiles were traced and
analyzed for postfixation comparison. The numbers
of cytoplasmic profiles traced and analyzed for GLS
and Na,1.8 were 235 and 322, respectively. There
were no significant correlations between length of post-
fixation time and IR for GLS or Na,1.8 for any size of
neurons; nor were there any significant linear trends of
postfixation time lengths for changing the percentages
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Figure 4 Effects of picric acid con- A
centration in fixative on IR. (A-C) In-
creasing the picric acid concentration
did not appreciably alter GLS IR for
any of the three size classes of DRG
neurons, nor did it resultin a significant
linear trend in the percentage of neu-
rons considered to be GLS labeled.

small cell GLSHR
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mean relative IR
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neurons. Dotted lines indicate the relative IR threshold at which neurons were determined to be labeled or unlabeled. *, p<0.05; **,

p<0.01; *** p<0.001.

of neurons labeled for GLS and Na,1.8 (see supple-
mental data SD1). There were, however, significant
differences in relative GLS and Na, 1.8 IR after varying
times of postfixation. When DRG were postfixed for
4 hr in 4.0% formaldehyde in 0.1 M sodium phos-
phate buffer, there was a significant decrease in GLS
IR for all sizes of DRG neurons. Postfixation for 1 to
4 hr in 1.0% formaldehyde with 0.2% picric acid
seemed to give maximum Na,1.8-IR in small and
medium DRG neurons.

Specificity Controls

These control experiments were performed on tissue
sections fixed in optimal or near optimal fixative con-
centrations and incubated for 96 hr. Absorption of
each of the three antisera with antigen diminished IR
to near background levels (Figure 7, top three rows).
In addition, omitting primary antisera resulted in no

<

IR (Figure 7, bottom row). Control experiments indi-
cated that the primary antisera used were specific for
their respective antigens and that the secondary anti-
sera used produced little to no nonspecific labeling.
In addition, we immunoprecipitated (IP) DRG lysates
with either rabbit anti-Na,1.8 (Sigma) or mouse anti-
Na, 1.8 antiserum (NeuroMab; UC Davis, Davis, CA).
Western blots (WB) of the eluted proteins were then
probed with the complimentary antiserum, e.g., IP:
rabbit and WB:mouse. Both the IP and the WB pro-
tocols showed a prominent band at ~220 kDa (data
not shown). Moreover, double labeling with the two
antisera revealed greater than 99% colocalization
among DRG neurons (data not shown).

Discussion

In the present study, we sought to clarify the extent
of GLS expression among rat DRG neurons and to

Figure 3 Representative micrographs from the picric acid comparison. No obvious qualitative change in GLS IR was observed as picric acid
concentration was increased (A-E). An increase in Na,1.8-IR was noticed in small and medium DRG neurons as picric acid was added to the
fixative in increasing amounts, but there was not a noticeable change in the IR of large DRG neurons or background staining (F-J). Increasing
picric acid concentration in the fixative likewise increased TRPV1 IR of small and medium DRG neurons but not large ones (K-0). Bar in

A applies to all panels.
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Figure 6 Effects of incubation length

. . . . small cell GLS-R
In primary antiserum on immunoreac-

221307

tivity. Increasing incubation time in
primary antiserum significantly in-
creased IR for GLS (A-C), Na,1.8
(D-F), and TRPV1 (G-I) regardless of
neuron size. Likewise, longer incu-
bation times resulted in higher per-
centages of neurons being labeled.
Dotted lines indicated the relative
IR threshold at which neurons were L
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8
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determine the effects of fixative composition and in-
cubation length on GLS IR. Previous studies showed
a broad range in the percentage of rat DRG neurons
exhibiting GLS IR (Cangro et al. 1984,1985; Miller
et al. 1993; Li et al. 1996), which we attributed to
the difference in formaldehyde concentration in the
fixative used for tissue preservation (Kaneko et al.
1989). We therefore hypothesized a negative correla-
tion between GLS IR in the rat DRG and formalde-
hyde concentration in the fixative. By performing a
2-fold dilution curve of formaldehyde concentration,
we were able show this effect qualitatively (Figures 1A—
1E). In addition, we obtained semiquantitative mea-
sures of GLS IR of the cytoplasm in combination with
size measurements for each neuron (Figures 2A-2C),
which revealed significant elevations in GLS IR as
formaldehyde concentration decreased for all sizes
of DRG neurons. Furthermore, there were significant

<
<

T T T T T T T T
192 2 20 48 96 192 2 20 48 96 192

incubation length (hours) incubation length (hours)

correlations and trends for lower concentrations of
formaldehyde to increase GLS IR in DRG neurons
of all sizes. Picric acid is another fixative component
that was used in the studies that reported higher es-
timates of GLS expression in the rat DRG (Miller et al.
1993; Li et al. 1996), so we also compared the effects
of five concentrations of picric acid on GLS IR. Our
results indicated that picric acid had no significant ef-
fect on GLS IR (Figures 3A-3E and 4A-4C). In the
present study, increasing the length of incubation had
the expected effect of raising GLS IR (Figures SA-SE
and 6A-6C), since a polyclonal antiserum was used.
Lengths of incubation time were different among the
previous studies of GLS IR in the rat DRG, but we
doubt that length of incubation time was responsible
for the discrepancies. The studies that reported lower
estimates of GLS expressing DRG neurons incubated
sections in polyclonal anti-GLS for 1 hr at 37C (Cangro

Figure 5 Representative micrographs from the incubation time length comparison. Extending the length of incubation time in primary
antiserum increased the IR for GLS (A-E), Na,1.8 (F-J), and TRPV1 (K-O). Background levels of fluorescence also increased at 96, 48, and
120 hr respectively for GLS (D), Na,1.8 (H), and TRPV1 (O). Maximal specific (e.g., neuronal) labeling appeared to occur at 96 hr for

all three antigens (D,I,N). Bar in A applies to all panels.
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absorbed

GLS

absorbed

Na,1.8

absorbed

TRPV1

goat anti-rabbit

2°control

et al. 1985) and 48 hr at 4C (Battaglia and Rustioni
1988), whereas Li et al. (1996) and Miller et al. (1993)
used the same monoclonal antibody (Kaneko et al.
1988) and incubated overnight at 4C. We conclude that
the reported differences from previous studies in the
percentages of DRG neurons expressing GLS were
likely due to effects of formaldehyde concentration in
the fixative.

Estimating percentages of DRG neurons labeled for
a specific antigen is typically performed by qualita-
tively scoring images to obtain counts of labeled and
unlabeled neurons. The qualitative score is assigned

Hoffman, Schechter, Miller

Figure 7 Control experiments for pri-
mary and secondary antisera. The optimal
fixation conditions of low formaldehyde
(0.25%) and high picric acid (0.8%) con-
centrations were used to fix the DRG.
Diluted primary antisera were absorbed
with antigen prior to routine processing
(top three rows of panels). Sections
were incubated in primary antiserum
diluent only and then routinely pro-
cessed with one of the two secondary
antisera (bottom row of panels). Immu-
noreactivity for all three antigens was
successfully absorbed (right column,
top three rows), and the two second-
ary antisera produced minimal labeling
(bottom row).

goat anti-guinea pig

based on the investigator’s opinion of the staining
intensity/quality relative to background IR levels. The
simplest and closest way to quantitatively approximate
this type of scoring is to set an intensity threshold above
which neurons are considered labeled and below which
they are considered unlabeled. The threshold must be
set by the investigator in a manner similar to qualitative
scoring by viewing many images from a data set and
determining an intensity that best distinguishes labeled
from unlabeled neurons. When such a practice was
carried out for GLS IR in our formaldehyde compari-
son, we estimated that 38% of all neurons had GLS IR
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above the chosen threshold when we used 4% formal-
dehyde in the fixative (Figure 8A). When the same
threshold was used, this estimate changed to 100%
when 1% or less formaldehyde was used (Figure 8B).
The quality of GLS IR (i.e., punctuate “mitochondrial”
staining) indicated that the IR most likely was specific
for GLS and, therefore, sensitivity was increasing as
formaldehyde concentration decreased. Background
fluorescence did not increase appreciably as less form-
aldehyde was used, indicating that a loss of specificity
did not account for the higher estimates of GLS ex-
pression. Expression of GLS in all DRG neurons is
consistent with the need of most, if not all, DRG neu-
rons to have a means for synthesizing neurotransmit-
ter glutamate at their central terminals (Skilling et al.
1988; De Biasi and Rustioni 1990; Zahn et al. 2002;
Li et al. 2003b; Dmitrieva et al. 2004; Brumovsky
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et al. 2007). The higher GLS IR of small and med-
ium DRG neurons (Figures 1A-1E) may correspond
to the added ability of small-diameter nociceptive
DRG neurons to release glutamate from their periph-
eral terminals (deGroot et al. 2000; Jin et al. 2006;
Brumovsky et al. 2007).

Similar, albeit less pronounced, effects of fixative
composition were seen for Na,1.8 and TRPV1, con-
firming that the effect of fixation on IR is not spe-
cific to GLS. For Na,1.8, however, picric acid had
the largest effect on IR. As higher concentrations of
picric acid were used in the fixative, Na,1.8 IR in-
creased in small and medium DRG neurons, which
led to more small and medium neurons being consid-
ered as labeled for Na,1.8 (Figures 3F-3] and 4D
and 4E). Since small to medium DRG neurons ex-
press Na,1.8 (Akopian et al. 1996; Sangameswaran
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et al. 1996; Djouhri et al. 2003), the effect of picric
acid on Na,1.8-IR was limited to these neurons. In-
terestingly, Na,1.8 IR of large DRG neurons was
lowered as picric acid concentration increased and
resulted in fewer large neurons being considered labeled
for Na,1.8. Increasing the picric acid concentration
had the net effect of increasing the signal-to-noise ratio
for Na,1.8 by decreasing nonspecific or background
labeling with the polyclonal antiserum used in this
study. The percentages of total DRG neurons labeling
for Na, 1.8 were 53% and 69% using 0% and 0.8%
picric acid, respectively (Figures 8C and 8D). Accord-
ing to another study using immunofluorescence that
fixed with 4% formaldehyde and 0.0% picric acid,
~50% of adult rat DRG neurons express Na,1.8
(Benn et al. 2001). Although there have been no stud-
ies of Na, 1.8 IR where 0.8% picric acid has been used
to fix rat DRG, in situ hybridization for Na,1.8 has
shown that 66.5-68.9% of DRG neurons express
Na,1.8 mRNA (Fukuoka et al. 2008). Our results
closely approximate those two estimates of Na,1.8
expression in the rat DRG, indicating that the accu-
racy of Na,1.8 detection can be improved by optimiz-
ing the fixation protocol.

TRPV1 IR was affected by both formaldehyde and
picric acid concentration. Decreasing formaldehyde
concentration and increasing picric concentration
acid elevated TRPV1 IR to a greater degree in small
and medium DRG neurons, which was expected since
TRPV1 is expressed in small to medium DRG neu-
rons (Guo et al. 1999; Price and Flores 2007). The
effect of formaldehyde was greater than that of picric
acid, but the effect of picric acid might have been
greater if the formaldehyde concentration used for
the picric acid comparison was lower than 1%. The
percentages of DRG neurons labeling for TRPV1
were 15% and 77% using 4% and 0.25% formalde-
hyde, respectively (Figures 8E and 8F). Background
IR levels were not appreciably different when we used
different concentrations of formaldehyde and picric
acid, suggesting that lowering formaldehyde or in-
creasing picric acid would not result in a compromise
of specificity. TRPV1 expression has been underesti-
mated previously by using a high concentration (4%)
of formaldehyde in the fixative in at least one study
that reported 25% of primary sensory neurons with
TRPV1 IR. The same study found that 65% of DRG
neurons responded to the TRPV1 agonist capsaicin
with calcium imaging, indicating that TRPV1 IR in
4% formaldehyde-fixed DRG may underestimate the
actual percentage of neurons expressing TRPV1.

Since its accidental discovery as a fixative in the late
nineteenth century (Blum 1893), formaldehyde has
remained the most popular fixative used for both
histopathology and basic science (Fox et al. 1985).
It has long been recognized, however, that fixation

Hoffman, Schechter, Miller

with formaldehyde concentrations at 4% (w/v) [which
is equal to 10% (v/v) formalin] is not optimal for
preserving tissue antigenicity (Hopwood 2002). Our
current understanding of the mechanism of formalde-
hyde fixation dates back to the 1940s, when it was
shown that formaldehyde cross-links amino acid resi-
dues in proteins (Fraenkel-Conrat and Olcott 1948a,
b; Fraenkel-Conrat and Mecham 1949). It is postu-
lated that when amino acids are cross-linked with one
another, antigens are “masked” and are unavailable
for interaction with antibodies (Sompuram et al. 2004).
Antigen retrieval techniques have been developed to
“unmask” antigens after formaldehyde fixation and to
reestablish immunolabeling (Shi et al. 1991). The suc-
cess of such techniques is variable, and there is not a
single technique that works for all antigen—antibody
combinations (Shi et al. 2007). For clinical pathology
laboratories, antigen retrieval is sometimes the only
option, since 10% formalin is the standard fixative,
and taking another sample for the purpose of fixing
it differently is not always an option. Our results indi-
cate a way to circumvent the need for antigen retrieval
techniques by optimizing the formaldehyde concentra-
tion in the fixative to obtain maximal antigen detec-
tion sensitivity while maintaining adequate fixation
by addition of another fixative component such as
picric acid. Our results are more applicable to basic
science research where greater control over fixation
methods is possible. Fixative optimization could lead to
more accurate determinations of antigen distribution,
not just in rat DRG but in any tissue used for basic
science research. Once the susceptibility of antigens
processed routinely in pathology laboratories is known,
it is possible that specific concentrations of formalde-
hyde may become standard for certain antigen-labeling
protocols in the clinical setting as well. Many pathology
specimens are also dehydrated in ethanol and em-
bedded in paraffin wax, which may also contribute to
poor antigenicity. However, basic research is not lim-
ited by the standard formalin-fixed paraffin-embedded
protocol, and most research tissue can be fixed in any
way and cut on a cryostat microtome to avoid paraffin
embedding. We also showed that increasing the length
of postfixation time in 1.0% (w/v) formaldehyde can
decrease IR when postfixed for 20 hr. This effect on
IR is greater when 4.0% formaldehyde is used for post-
fixation (see supplemental data SD1).

In addition to fixation conditions, it is also neces-
sary to optimize incubation time length in immuno-
reagents to obtain a clear picture of the distribution
and relative amount of antigen in DRG neurons. The
incubation time length comparison revealed increased
IR with longer incubation periods for all three antigens
tested. The presumed reason for a gradual increase in
IR as incubation time length increased in this study is
that polyclonal antisera were used. Each polyclonal
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antiserum has a heterogeneous mixture of antibodies,
some of which may bind more slowly than others.
Only the antibodies with the highest avidity for antigen
will bind after short incubation periods. It should be
expected that longer incubation lengths in polyclonal
antisera will allow for lower avidity antibodies (which
are no less specific) to bind antigen (Polak and Van
Noorden 2003). However, there are nonspecific anti-
bodies within polyclonal antisera that also start to bind
as incubation length increases. We observed increases
in nonspecific background labeling for all three anti-
sera used with longer incubations (Figure 5). An opti-
mal length should be selected where maximal specific
labeling is reached but nonspecific background label-
ing is not yet prominent.

In this study, we showed that the sensitivity of
immunofluorescence techniques can be affected by
fixative composition and incubation time length in
primary antibody. We used image analysis to ob-
jectively measure IR for GLS, Na,1.8, and TRPV1.
Decreasing the formaldehyde concentration in the
fixative from the commonly used concentration of
4% (wl/v) led to substantial increases in IR for GLS
and TRPV1, whereas raising the concentration of
picric acid elevated IR for Na,1.8. Determining the
distribution of antigens in the DRG is very important
for studying populations or subpopulations of DRG
neurons. Antigen distribution is often determined by
the intensity of staining; therefore, increasing the sen-
sitivity of immunofluorescence techniques may allow
for other markers of DRG neuron subpopulations to
be more accurately characterized.

Literature Cited

Akopian AN, Sivilotti L, Wood JN (1996) A tetrodotoxin-resistant
voltage-gated sodium channel expressed by sensory neurons.
Nature 379:257-262

Battaglia G, Rustioni A (1988) Coexistence of glutamate and sub-
stance P in dorsal root ganglion neurons of the rat and monkey.
J Comp Neurol 277:302-312

Benn SC, Costigan M, Tate S, Fitzgerald M, Woolf CJ (2001) Devel-
opmental expression of the TTX-resistant voltage-gated sodium
channels Na,1.8 (SNS) and Na,1.9 (SNS2) in primary sensory
neurons. J Neurosci 21:6077-6085

Blum F (1893) Der formaldehyd als hartungsmittel. Z Wiss Mikrosk
10:314-315

Brumovsky P, Watanabe M, Hokfelt T (2007) Expression of the
vesicular glutamate transporters-1 and -2 in adult mouse dorsal
root ganglia and spinal cord and their regulation by nerve injury.
Neuroscience 147:469-490

Cangro CB, Sweetnam PM, Neale JH, Haser WG, Curthoys NP
(1984) Selective localization of glutaminase in spinal and sensory
nerve cells. A potential marker for glutamate neurotransmission.
JAMA 251:797

Cangro CB, Sweetnam PM, Wrathall JR, Haser WB, Curthoys NP,
Neale JH (1985) Localization of elevated glutaminase immuno-
reactivity in small DRG neurons. Brain Res 336:158-161

Caterina MJ, Schumacher MA, Tominaga M, Rosen TA, Levine JD,
Julius D (1997) The capsaicin receptor: a heat-activated ion chan-
nel in the pain pathway. Nature 389:816-824

De Biasi S, Rustioni A (1990) Ultrastructural immunocytochemical

343

localization of excitatory amino acids in the somatosensory sys-
tem. J Histochem Cytochem 38:1745-1754

deGroot J, Zhou S, Carlton SM (2000) Peripheral glutamate release
in the hindpaw following low and high intensity sciatic stimula-
tion. Neuroreport 11:497-502

Djouhri L, Fang X, Okuse K, Wood JN, Berry CM, Lawson SN
(2003) The TTX-resistant sodium channel Na,1.8 (SNS/PN3):
expression and correlation with membrane properties in rat
nociceptive primary afferent neurons. J Physiol 550:739-752

Dmitrieva N, Rodriguez-Malaver AJ, Perez J, Hernandez L (2004)
Differential release of neurotransmitters from superficial and deep
layers of the dorsal horn in response to acute noxious stimulation
and inflammation of the rat paw. Eur J Pain 8:245-252

Fang X, Djouhri L, McMullan S, Berry C, Okuse K, Waxman
SG, Lawson SN (2005a) trkA is expressed in nociceptive neu-
rons and influences electrophysiological properties via Nav1.8
expression in rapidly conducting nociceptors. ] Neurosci 235:
4868-4878

Fang X, Djouhri L, McMullan S, Berry C, Waxman SG, Okuse K,
Lawson SN (2006) Intense isolectin-B4 binding in rat dorsal root
ganglion neurons distinguishes C-fiber nociceptors with broad
action potentials and high Nav1.9 expression. ] Neurosci 26:
7281-7292

Fang X, McMullan S, Lawson SN, Djouhri L (2005b) Electrophysio-
logical differences between nociceptive and non-nociceptive dorsal
root ganglion neurones in the rat in vivo. J Physiol 565:927-943

Fox CH, Johnson FB, Whiting J, Roller PP (1985) Formaldehyde
fixation. J Histochem Cytochem 33:845-853

Fraenkel-Conrat H, Mecham DK (1949) The reaction of formalde-
hyde with proteins; demonstration of intermolecular cross-linking
by means of osmotic pressure measurements. J Biol Chem 177:
477-486

Fraenkel-Conrat H, Olcott HS (1948a) The reaction of formalde-
hyde with proteins; cross-linking between amino and primary
amide or guanidyl groups. J] Am Chem Soc 70:2673-2684

Fraenkel-Conrat H, Olcott HS (1948b) Reaction of formaldehyde
with proteins; cross-linking of amino groups with phenol, imida-
zole, or indole groups. J Biol Chem 174:827-843

Fukuoka T, Kobayashi K, Yamanaka H, Obata K, Dai Y, Noguchi K
(2008) Comparative study of the distribution of the alpha-subunits
of voltage-gated sodium channels in normal and axotomized rat
dorsal root ganglion neurons. ] Comp Neurol 510:188-206

Garry MG, Miller KE, Seybold VS (1989) Lumbar dorsal root
ganglia of the cat: a quantitative study of peptide immunoreac-
tivity and cell size. ] Comp Neurol 284:36-47

Guo A, Vulchanova L, Wang J, Li X, Elde R (1999) Immunocyto-
chemical localization of the vanilloid receptor 1 (VR1): relation-
ship to neuropeptides, the P2X3 purinoceptor and IB4 binding
sites. Eur ] Neurosci 11:946-958

Haser WG, Shapiro RA, Curthoys NP (1985) Comparison of the
phosphate-dependent glutaminase obtained from rat brain and
kidney. Biochem J 229:399-408

Hopwood D (2002) Fixation and fixatives. In Bancroft JD, Gamble
M, eds. Theory and Practice of Histological Techniques. London,
Churchill Livingstone, 63-84

Jin YH, Nishioka H, Wakabayashi K, Fujita T, Yonehara N (2006)
Effect of morphine on the release of excitatory amino acids in
the rat hind instep: pain is modulated by the interaction between
the peripheral opioid and glutamate systems. Neuroscience 138:
1329-1339

Kaneko T, Itoh K, Shigemoto R, Mizuno N (1989) Glutaminase-like
immunoreactivity in the lower brainstem and cerebellum of the
adult rat. Neuroscience 32:79-98

Kaneko T, Urade Y, Mizuno N (1988) Correlation between immuno-
chemical characteristics and immunohistochemical applicability of
nine lines of monoclonal antibodies against rat brain glutaminase.
J Histochem Cytochem 36:997-1004

Lee KH, Chung K, Chung JM, Coggeshall RE (1986) Correlation
of cell body size, axon size, and signal conduction velocity for
individually labelled dorsal root ganglion cells in the cat. ] Comp
Neurol 243:335-346



>
=
@
c
D)
i
O
O
-—
>~
)
o
>
s
N
=
D)
(e
@)
O
-—
L
I
Y
O
TTS
c
—
>
o
D)
e
l_

344

Li JL, Fujiyama F, Kaneko T, Mizuno N (2003a) Expression of
vesicular glutamate transporters, VGluT1 and VGIuT2, in axon
terminals of nociceptive primary afferent fibers in the superficial
layers of the medullary and spinal dorsal horns of the rat. ] Comp
Neurol 457:236-249

Li JL, Ohishi H, Kaneko T, Shigemoto R, Neki A, Nakanishi S,
Mizuno N (1996) Immunohistochemical localization of a meta-
botropic glutamate receptor, mGluR7, in ganglion neurons of the
rat: with special reference to the presence in glutamatergic gan-
glion neurons. Neurosci Lett 204:9-12

Li JL, Xiong KH, Dong YL, Fujiyama F, Kaneko T, Mizuno N
(2003b) Vesicular glutamate transporters, VGIuT1 and VGIuT2,
in the trigeminal ganglion neurons of the rat, with special refer-
ence to coexpression. ] Comp Neurol 463:212-220

Miller KE, Douglas VD, Kaneko T (1993) Glutaminase immuno-
reactive neurons in the rat dorsal root ganglion contain calcitonin
gene-related peptide (CGRP). Neurosci Lett 160:113-116

NIH-NRC (2003) Guidelines for the Care and Use of Mammals in
Neuroscience and Behavioral Research/ Committee on Guidelines
for the Use of Animals in Neuroscience and Behavioral Research.
Washington, DC, The National Academic Press, 223

Polak JM, Van Noorden S (2003) Introduction to Immunocyto-
chemistry. 3rd ed. Oxford, BIOS Scientific Publishers

Price TJ, Flores CM (2007) Critical evaluation of the colocalization
between calcitonin gene-related peptide, substance P, transient
receptor potential vanilloid subfamily type 1 immunoreactivities,
and isolectin B4 binding in primary afferent neurons of the rat
and mouse. ] Pain 8:263-272

Hoffman, Schechter, Miller

Sangameswaran L, Delgado SG, Fish LM, Koch BD, Jakeman LB,
Stewart GR, Sze P, et al. (1996) Structure and function of a novel
voltage-gated, tetrodotoxin-resistant sodium channel specific to
sensory neurons. ] Biol Chem 271:5953-5956

Shi SR, Key ME, Kalra KL (1991) Antigen retrieval in formalin-
fixed, paraffin-embedded tissues: an enhancement method for
immunohistochemical staining based on microwave oven heating
of tissue sections. J Histochem Cytochem 39:741-748

Shi SR, Liu C, Taylor CR (2007) Standardization of immunohisto-
chemistry for formalin-fixed, paraffin-embedded tissue sections
based on the antigen-retrieval technique: from experiments to hy-
pothesis. ] Histochem Cytochem 55:105-109

Skilling SR, Smullin DH, Beitz AJ, Larson AA (1988) Extracellular
amino acid concentrations in the dorsal spinal cord of freely
moving rats following veratridine and nociceptive stimulation.
J Neurochem 51:127-132

Sompuram SR, Vani K, Messana E, Bogen SA (2004) A molecular
mechanism of formalin fixation and antigen retrieval. Am J Clin
Pathol 121:190-199

Tuchscherer MM, Seybold VS (1985) Immunohistochemical studies
of substance P, cholecystokinin-octapeptide and somatostatin in
dorsal root ganglia of the rat. Neuroscience 14:593-605

Yoshida S, Matsuda Y (1979) Studies on sensory neurons of the
mouse with intracellular-recording and horseradish peroxidase-
injection techniques. ] Neurophysiol 42:1134-1145

Zahn PK, Sluka KA, Brennan TJ (2002) Excitatory amino acid re-
lease in the spinal cord caused by plantar incision in the rat. Pain
100:65-76



